Background
Inflammation is present in patients with depressive disorders, including recurrent depressive disorder (rDD), and is thought to play an important role in the risk for and pathogenesis of this disease [1, 2] . The presence of inflammation is indicated by the elevated levels of pro-inflammatory cytokines such as interleukin-1b (IL-1b) and interleukin-8 (IL-8), and by increased expression of NOD-like receptor family, pyrin domain containing 3 (NLRP3), one of the NOD-like receptors, which is a component of inflammasome which is necessary for the release of IL-1b and IL-18 [3] [4] [5] [6] . In depression, inflammation is often accompanied by increased oxidative stress, since increased lipid peroxidation and production of mitochondrial reactive oxygen species (mtROS) are found in depressed patients [6, 7] . ROS may damage biomolecules, including genetic material, as indicated by elevated levels of 8-oxoguanine (8-oxoG), a marker of oxidative DNA damage, in patients with clinical depression as well as depression that coexists with other non-mental diseases [8] [9] [10] [11] [12] [13] . Depression severity may be a factor as well in milder, non-clinical depression, although 8-oxoG levels do not differ from controls [14] . Our team has confirmed previous study results that showed increased levels of oxidatively modified purines and pyrimidines, as well as DNA strand breaks and alkali labile sites in peripheral blood mononuclear cells (PBMCs) isolated from patients with rDD, using comet assay [15] . Furthermore, a recent report showed that NRLP3 may regulate the DNA damage response, with NRLP3 knockout increasing the expression of proteins involved in base-excision repair (BER) in murine dendritic cells exposed to genotoxic and oxidative stress [16] . In a previous study, we showed that PBMCs of rDD patients' cells repaired DNA damage induced by hydrogen peroxide (H 2 O 2 ) less efficiently than in control patients' cells [15] . Finally, our team genotyped single nucleotide polymorphism (SNPs) of glycosylases involved in the first step of BER, finding that their polymorphisms may modulate rDD risk [17] .
The aforementioned studies indicate that depression may be associated with impairment of the DNA damage repair mechanism, more particularly the pathways involved in the repair of oxidative DNA damage such as BER. Accordingly, we chose to study the relationship between rDD occurrence and SNPs of genes encoding proteins involved in BER, namely: c.-441G>A (rs174538) of FEN1 (flap structure-specific endonuclease 1); c.2285T>C (rs1136410) of PARP1 (poly [ADP-ribose] polymerase 1); c.580C>T (rs1799782) and c.1196A>G (rs25487) of XRCC1 (X-ray repair cross-complementing protein 1); c.*83A>C (rs4796030) and c.*50C>T (rs1052536) of LIG3 (DNA ligase 3); c.-7C>T (rs20579) of LIG1 (DNA ligase 1); and c.-468T>G (rs1760944) and c.444T>G (rs1130409) of APEX1 (APEX nuclease 1, DNA-[apurinic or apyrimidinic site] lyase).
Material and Methods

Study subjects
The study included 599 participants: patients with rDD (n=288, 140 women and 148 men; mean age 49.3±10.2) and healthy controls (n=311, 153 women and 158 men; mean age 51.2±13.3). All patients were hospitalized at the Department of Adult Psychiatry of the Medical University of Lodz (Poland) and were randomly recruited for this study without replacement sampling, based on the inclusion criteria for a current episode of depression and rDD outlined in ICD-10 (F32.0-7.32.2, F33.0-F33.8) [18] and a written informed consent to participate in the study. The diagnosis of rDD was established according to ICD-10 criteria. In all qualified cases, medical history was obtained using the standardized Composite International Diagnostic Interview (CIDI) [19] . Exclusion criteria included: the presence of axis I and II disorders other than depressive episodes, a diagnosis of severe and chronic somatic diseases or worsening of symptoms, injuries of the central nervous system, and inflammatory or autoimmune disorders. The control group was selected randomly from respondents with a negative history of mental illness. The control group included community volunteers enrolled in the study following the criteria of the psychiatric CIDI interview as well as depressed patients who were not treated for any severe and chronic diseases or worsening of symptoms, injuries of the central nervous system, or inflammatory or autoimmune disorders. An informed, written consent for participation in the study was obtained from each participant, according to the protocol approved by the Bioethics Committee of the Medical University of Lodz (No. RNN/70/14/KE).
Selection of single-nucleotide polymorphisms
We selected the studied polymorphisms from the public domain of the National Center for Biotechnology Information, Single Nucleotide Polymorphisms database (NCBI dbSNP) at http:// www.ncbi.nlm.nih.gov/snp (Bethesda, MD, USA). We chose SNPs with a minor allele frequency larger than 0.05 in a European population (submitter population ID: HapMap-CEU), that are frequently studied in the literature and which are either localized in coding regions causing non-synonymous substitution or in regulatory regions. Finally, we selected nine polymorphisms: • c.-441G>A localized near 5' end of FEN1; • c.2285T>C localized in exon of PARP1 causing valine to alanine substitution in codon 762; • c.580C>T and c.1196A>G localized in exon of XRCC1 causing arginine to tryptophan substitution in codon 194 and glutamine to arginine substitution in codon 399, respectively; • c.*83A>C and c.*50C>T localized in untranscribed region at 3' end (UTR-3) of LIG3; • c.-7C>T localized in untranscribed region at 5' end (UTR-5) of LIG1;
• c.-468T>G and c.444T>G localized near 5' end and in exon causing asparagine to glutamic acid in codon 148, respectively, in APEX1.
Extraction of DNA and genotyping
Blood Mini Kit (A&A Biotechnology, Gdynia, Poland) was used to extract genomic DNA from venous blood. Sample purity was obtained by calculating absorbance ratio at 260 nm and 280 nm.
Chosen SNPs were genotyped using TaqMan ® SNP Genotyping Assay and TaqMan Fast Universal PCR Master mix (Life Technologies, Carlsbad, CA, USA) in conditions recommended by the manufacturer. We used Bio-Rad CFX96 Real-Time PCR Detection System to carry out reactions. The analysis was done with CFX Manager Software (both from Bio-Rad Laboratories Inc., Hercules, California, USA).
Statistical analysis
Analysis of gathered data was performed in SigmaPlot 11.0 and Statistica 12 (Systat Software Inc., San Jose, CA, USA and Statsoft, Tulsa, OK, USA, respectively). Agreement with HardyWeinberg equilibrium (HWE) of the studied SNPs' genotype frequencies was checked using the chi-square test. An unconditional multiple logistic regression model was used to evaluate the association between case/control and each polymorphism or the gene-gene interactions by measuring the odds ratio (OR) and its corresponding 95% confidence interval (CI). We used multi-variable logistic regression model (fractional polynomials) to evaluate the independent relationship between the studied variants and the presence of depression disorder adjusting for age covariates to prevent loss of information resulting from age dichotomization. For multiple testing correction, we calculated the effective number of independent tests using Single Nucleotide Polymorphism Spectral Decomposition (SNPSpD) method which is based on the spectral decomposition (SpD) of matrices of pair-wise linkage disequilibrium values between SNPs [20] applying significance threshold (p<0.012) calculated by the method described by Li and Ji [21] . Although the distribution of male and female did not differ between the patients and controls (p=0.951; c 2 =0.004), the OR was adjusted for gender, given that women have a doubled risk of depression compared to men [22] .
Results
Single-nucleotide polymorphisms of studied genes and the risk of recurrent depressive disorder
The genotyping of the studied SNPs are presented in Table 1 . The distribution of all genotypes was in agreement with HWE, with the exception of the c.-441G>A -FEN1. We did not find any statistically significant differences in the distribution of alleles and the genotype of c.-441G>A -FEN1, c.2285T>C -PARP1, c.580C>T -XRCC1, c.1196A>G -XRCC1, c.-7C>T -LIG1, and c.444T>G -APEX1 between cases and controls. However, genotype A/A and allele A of the c.*83A>C -LIG3 was associated with an increased risk of depression occurrence, whilst allele C was associated with decreased risk. Furthermore, genotype C/C and allele C of the c.*50C>T -LIG3 were positively associated with rDD, with allele T being negatively correlated with rDD. Finally, we found that genotype T/G of the c.-468T>G -APEX1 was associated with an increased risk of depression. It must be noted, that the p values for alleles of c.*50C>T -LIG3 and heterozygotes of c.-468T>G -APEX1 were greater that the statistical significance calculated by the Nyholt correction (p=0.012).
Single-nucleotide polymorphisms of studied genes and onset age of first episode of recurrent depressive disorder
In order to evaluate if the studied SNPs were associated with the age of the first rDD episode, we used multivariable logistic regression for analyzing fractional polynomials. We found that lower age of onset of depression was associated with the presence of G/G polymorphic variant of c.-441G>A FEN1 polymorphism (c . 45, p=0,045) . For the other study SNPs, we did not find statistically significant correlations with age of onset. Moreover, we analyzed the relationship between the presence of polymorphic variants and age of onset by dividing the patients into two groups, with first episode before the age 35 years and first episode after the age of 35 years (optimal cutpoint in a univariate analysis); results are shown in Table 2 . Thirty patients for whom age of first episode was unknown were not included in the analysis. As with the population of patients as a whole, no statistically significant differences were found in the distribution of genotypes and alleles of the c.-441G>A -FEN1, c.2285T>C -PARP1, c.580C>T -XRCC1, c.1196A>G -XRCC1, c.-7C>T -LIG1, and c.444T>G -APEX1 between the controls and either early or late onset depression. Genotype A/A of the c.*83A>C -LIG3 was associated with increased risk of both early and late onset depression, whilst allele A was associated with an increased risk of early onset depression only. Furthermore, genotype C/C and allele C of the same SNP was associated with a decreased risk of early onset depression. In the case of the c.*50C>T -LIG3, genotype C/C and allele C were positively correlated with early onset rDD, and allele T negatively correlated. Finally, the T/G genotype of the c.-468T>G -APEX1 increased the risk of early onset depression, while allele T increased the risk of late onset depression, with the G/G genotype and allele G decreasing this risk. Table 2 continued. Distribution of genotypes and alleles of the studied single-nucleotide polymorphism and the age of recurrent depression disorder onset. Table 3 which presents only statistically significant results, and Supplementary Table 1 which presents all results. We found several significant associations, some of which were for genes that alone did not modulate rDD risk.
Combined genotype G/T-C/C of the c.444T>G -APEX1 and the c.1196A>G -XRCC1 was positively correlated with rDD, while the combined genotype G/T-C/T negatively correlated with rDD. Additionally, the combined genotype A/G-A/G of the c.-7C>T -LIG1 and the c.-441G>A -FEN1 was associated with a decreased risk of depression.
Haplotypes of the studied single-nucleotide polymorphism and the risk of recurrent depression disorder
The distribution of haplotypes of the studied SNPs are presented in Table 4 and Supplementary Table 2 . We only found statistically significant results for the haplotypes of c.*50C>T -LIG3 and c.*83A>C -LIG3 -haplotype CA, which were associated with an increased rDD risk, while haplotype TC was associated with a decreased rDD risk.
Discussion
As indicated in the introduction, depression is accompanied by inflammation and increased oxidative stress, both of which may be important in its pathogenesis [2] . Oxidative stress may induce DNA damage, and our team and others have found increased levels of oxidatively modified DNA bases, especially 8-oxoG, DNA breaks, and an alkali labile site in depressed patients [8] [9] [10] [11] [12] [13] 15] . This kind of DNA damage is mainly repaired by the BER. PBMCs isolated from cells of rDD patients repaired hydrogen peroxide-induced oxidative DNA damage less efficiently than from the cells of controls, which may indicate impairments in this repair pathway [15] . Furthermore, recent studies have shown that some polymorphic variants of the BER genes may negatively impact the repair of oxidative DNA damage, and our team found that glycosylase SNPs can modulate rDD risk [17, 23, 24] . Therefore, in this study, nine SNPs of the six genes encoding proteins involved in later steps of BER were genotyped; and to our knowledge, none of them have been studied in the context of mental illnesses.
One of the selected genes was LIG3, which encodes ligase, an essential component of BER, sealing in place the new base in the final step of this pathway [25, 26] . It is mainly utilized in short-patch BER, but it can be used as a "back-up" ligase in the long-patch sub-pathway [27] . LIG3 also plays a major role in mitochondrial BER (mtBER), since its depletion by siRNA leads to the reduction of mitochondrial DNA (mtDNA) copy number and elevations in DNA single-strand breaks [28, 29] . We examined the c.*50C>T and the c.*83A>C, both localized in UTR-3, where they can alter gene expression by affecting mRNA stability, half-life, and degradation [30] . Indeed, the c.*83A>C affects the binding site of microRNA, modulating the risk of bladder cancer, whilst the c.*50C>T modulates the risk of young-onset lung cancer [31, 32] . Here, both SNPs showed a significant association with rDD (Table 1) . We found that the AA genotype of the c.*83A>C and the CC genotype of c.*50C>T increased the risk of depression, with these genotypes also increasing cancer risk [31, 32] . These SNPs are also associated with rDD onset with the c.*50C>T variant modifying the risk of early onset rDD only, with the c.*83A>C variant also being more associated with early rather than late onset depression (Table 2) . Such data indicates that these SNPs are linked to early incidence of rDD, possibly being less related to non-genetic factors, which may have a greater role in late-life depression. Finally, we found that the haplotype C/A of the c.*50C>T and the c.*83A>C were associated with a significantly increased rDD risk, in contrast to the haplotype T/C, which was associated with decreased risk (Table 4) . Table 4 . Distribution of haplotypes of in the studied SNPs.
p<0.05 along with corresponding ORs are in bold.
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The next gene studied was APEX1. APEX1 encodes endonuclease, which recognizes the apurinic/apyrimidinic (AP) site arising from the actions of glycosylases after the first BER step, but is also responsible for RNA processing and the regulation of transcription [33, 34] . This protein takes part in mtBER, although its role is still the subject of investigation. On the one hand, overexpression of mitochondrial APEX1 in human umbilical vein endothelial cells decreases apoptosis after H 2 O 2 -induced oxidative stress, probably by enhancing mitochondrial DNA repair. However, on the other hand, expression of exonuclease III (with which APEX1 has significant homology) in the mitochondria of a malignant breast epithelial cell line caused cells to be more sensitive to oxidative stress due to deficient mtDNA repair [35, 36] . We genotyped two polymorphisms in this gene: the c.-468T>G and the c.444T>G. The latter, located near the 5' end of the gene, was found to affect the promoter strength and by this may modulate the risk of lung cancer [37, 38] . The former causes amino acid substitution of asparagine to glutamic acid in codon 148 and although it did not alter the in vitro activity of APEX1, it modulated the risk of cancer and was associated with Parkinson's disease, probably by affecting interactions of the enzyme with other BER proteins [39] [40] [41] [42] . Data in our study showed that the heterozygote of the c.-468T>G increased rDD risk (Table 1 ). This SNP was more associated with late onset rather than with early onset depression, which could mean that the c.-468T>G has lower penetration than the LIG3 polymorphisms and needs other factors to induce rDD later in life (Table 2) . Although the heterozygote increased the risk only of early onset depression, the A allele homozygote and the A allele alone decreased late onset rDD risk, while the T allele increased this risk. These results are consistent with the work of Lo and colleagues that showed that the G allele increased luciferase reported gene expression in several adenocarcinoma cell lines [38] . The hypothesis that this polymorphism had less impact on depression occurrence was confirmed by the fact that, only together with heterozygotes of LIG3 SNPs genotype GG, was the risk for the disease decreased (Table 3 ). In the case of c.444T>G as well as haplotypes of these two APEX1 polymorphisms, we did not find any statistically significant results (Tables 1, 4) .
Two SNPs were also genotyped in XRCC1, which encodes a protein that is not only an important component of BER, but also a component of other DNA repair pathways, such as singlestrand break repair and non-homologous end joining [43, 44] . In BER, XRCC1 is involved in each of these pathway steps due to its function as a scaffold protein, which physically associates with repair enzymes [45] . Its polymorphisms are associated with cancers and neurodegenerative diseases such as Alzheimer's disease [46] [47] [48] . Again two SNPs were genotyped: the c.580C>T, which is localized in a region that coordinates protein integrations, whereas the c.1196A>G is positioned in the breast cancer 1 C terminus (BRCT1) domain, which is responsible for interactions with PARP [48] [49] [50] . No significant associations of depression with either genotypes, alleles, nor haplotypes of XRCC1 SNPs were found (Tables 1, 2, and Supplementary Table  1) . However, combined genotypes of this gene with genes encoding proteins interacting with XRCC1 provided some statistically significant results. The most interesting being the combination of the c.1196A>G -XRCC1 and the c.444T>G -APEX1, which alone were not rDD associated. In this gene-gene interaction, the latter SNP is more important due to changes of this polymorphism's genotype causing either a decrease (homozygote CC) or an increase (heterozygote) in rDD risk (Table 3) . Moreover, this heterozygote increased the risk of rDD in combination with the TG genotype of the c.-468T>G -APEX1 and AA genotype of the c.*83A>C -LIG3. Such results suggest that this SNP may have little if any impact on the development of depression. Similarly, the two polymorphisms of FEN1 and LIG1, although neither alone influenced rDD risk, the combined genotype consisting of heterozygotes decreased rDD risk (Tables  1, 3 ). FEN1 encodes structure specific endonuclease that removes the 5'-flap structures arising during long-patch BER and is involved in maturation of Okazaki fragments, as well as releasing stalled replication forks [51] [52] [53] . It also participates in maintaining the mitochondrial genome [54] . A polymorphism of this gene, the c.-441G>A, reduced expression of FEN1, elevated levels of DNA damage, and increased risk of lung cancer in individuals carrying the GG genotype [55] . In our study, this SNP was associated with depression in combination with other SNPs, most notably the combination of its GG genotype with the homozygote AA of the c.*83A>C -LIG3 or the homozygote CC of the c.*50C>T -LIG3 significantly increased rDD risk ( Table 4 ). The product of LIG1 is also involved in long-patch BER and maturation of Okazaki fragments [56] . The SNP located in the 5'-UTR of this gene is associated with lung cancer in heterozygote carriers, although its influence on gene expression is unknown [32] . We found that its heterozygote in combination with the homozygote AA of the c.*83A>C -LIG3 or the homozygote CC of the c.*50C>T -LIG3 was correlated with rDD (Table 4) . It must be noted that this association was weaker than in the case of the c.-441G>A -FEN1, which could indicate that the latter SNP is more involved in the pathogenesis of rDD than the former. Finally, we genotyped one SNP in PARP1, which encodes protein involved not only in DNA damage, including the BER, but also in the inflammation response, transcription, and apoptosis [57, 58] . This SNP was found to reduce enzyme activity by about 40% [59] . However, no significant correlation was found between this polymorphisms and depression (Tables 1, 2) .
The results showing a strong association between depression and some polymorphism variants of LIG3, their haplotypes, or their interactions with other SNPs of BER genes are especially interesting in the context of recent work demonstrating impairments in oxidative DNA damage repair in rDD patients [15] . DNA damage repair kinetics in the aforementioned study revealed that the differences between controls and cases were more likely to be present in the later stages of BER, as initial DNA damage caused by the actions of DNA glycosylases in both groups occurred at the same time. As such, it can be speculated that this difference may arise, at least partly, by the more frequent occurrence of a specific variant of LIG3 and others genes involved in the later steps of BER in depressed patients versus controls. Furthermore, as indicated earlier, LIG3 plays an important role in the maintenance of the mitochondrial genome and a growing number of reports indicate the importance of mitochondrial dysfunctions in depression [28, 29] . Depressed patients have lower mitochondrial ATP production, lower CoQ10 levels and increased mitochondrial ROS, all of which indicate mitochondrial damage [60] [61] [62] [63] . The mitochondrial impairments may be due to increased mtD-NA damage, and elevated levels of mtDNA deletions are found in depressed patients' muscles and PBMCs [61, 62] . Such deletions can be triggered by DNA damage, and one of the most frequently occurring deletions, called "common deletion", is triggered by a single-strand break following incomplete DNA damage repair, when ligase does not seal the nick in the last step of BER [64] . Given the classical decrease in serotonin in depression, and its role as a precursor for melatonin and a significant regulator of mitochondrial functioning as well as an inhibitor of oxidative damage and inflammation, it is not unlikely that variations in melatonin availability will interact with genes regulating the BER [65] .
Our work has some limitations. One limitation was a relatively small sample size, although comparable studies concerning depression had similar study group size [66, 67] . In addition, our results cannot be generalized to the world population, due to ethnic homogeneity of the studied population.
Conclusions
This study is concordant with the extant literature in showing that SNPs of genes involved in oxidative DNA damage repair may modulate the risk of rDD [17] . Further studies are needed to elucidate the role of nuclear DNA as well as mitochondrial DNA damage and repair in pathogenesis of depression, and the effect on clinical outcome. Aging effects on telomerase, which can be offset by melatonin, would be expected to interact with the genetic susceptibility to rDD, driven partly by BER SNPs.
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